INTRODUCTION
Over the last ten years, numerous reports have been published on the theory of alkali interaction with reservoir rock and fluids and on experimental work with alkaline flooding .l-5 The majority of the alkaline floods in the field, and most laboratory studies, have been carried out with sodium hydroxide (NaOH) or sodium orthosilicate (Na4Si04).5 Use of high pH and high alkali concentrations up to five weight percent was deemed necessary to obtain low interfacial tensions ~7ith the acid crude oils,6,7 to counteract alkali 10s8,8,9,10 and to decrease alkali retention time in the formation. 3 
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Sodium carbonate (Na2C03) and other alkaline buffers which have a lower pH than NaOH or Na4Si04' have not been studied extensively.ll, 12 The use of all alkali buffer such as Na2C03 could be advantageous, since the buffered slug would be less reeactive with sandstone minerals due to reduced hydroxyl ion activity. Its lower pH would be maintained over a wide concentration range despite alkali consumption within the formation. Results from very early field flooding trials with Na2C03 were not conclusive. 13 However, more recent field tests with Na2C03 look promising, especially the successful implementation of a Na2C03/polyacrylamide polymer flood in the Isenhour, WY field by Belco Petroleum Corporation. 14 , 15 Use of alkali in conjunction with polymer to obtain low tension and improved mobility ratio has been shown to increase tertiary oil yields substantially;16,17,17a more specifically, a Na2C03/polyacrylamide system was reported to be very effective in laboratory corefloods. IS On a contained Na20 basis, Na2C03 is costeffective compared to NaOH or Na4SiOl,; 5 but unlike the other alkalis, i t is readily available from vast trona deposits in Wyoming. NaOH and Na4Si04 prices can fluctuate substantially due to economic conditions because their manufacture is tied to other processes. 1 9 This experimental study presents a side-by-side comparison of NaOH and Na4Si04 with Na2C03 011 an equal contained Na20 basis. Results from interfacial tension measurements, and alkaline and alkali/polymer corefloods are reported. The aspects of divalent ion precipitation, slug injectivity, and alkali retention and consumption are discussed.
EXPERIMENTAL DETAILS
A fresh sample of crude oil was provided for this study by Long Beach Oil Development Company (LBOD). The sample was taken from the XYZ farm, Long Beach lease, Ranger-zone, Wilmington field. 20 The oil was stored under nitrogen prior to use~ The following crude oil properties were determined: total acid number, 2.S0 mg KOH/g; density, 929 k~/m3; and viscosity, 66 mPa·s (52 0 C). 1 ppm.
The 0.5 and 1.0 weight percent NaZO alkaline solutions (Table 1) were prepared with fresh water from sodium carbonate (Stauffer Chemical Company Dense Soda Ash), a 50% sodium hydroxide solution, or a 10% stock solution of sodium orthosilicate. Zl
The polyacrylamide solutions were prepared from a stock solution containing 5000 ppm of American Cyanamid CYANATROL® 940 in fresh water. The xanthan gum solutions were made up with Pfizer FLOCoN® 4800C and fresh water, to yield a ZOOO ppm active solution. The polymer stock solutions were then either diluted with fresh water or blended with the alkaline chemical followed by dilution with the corresponding alkaline solution to the appropriate Na20 concentration. The amount of polymer needed for the solutions with a target viscosity of 50 mFa's (5Z 0 C) are given under Results and Discussion (Tables 6 through 8 ).
The interfacial tension (1FT) measurements were
carried out on a constant rate (3600 rpm) spinning drop interfacial tensiometer for tensions less than 1.0 mN/m, and on a duNouy ring instrument for tensions greater than 1.0 mN/m. The spinning drop measurements with the Wilmington, Ranger-zone crude oil were made at reservoir temperature (5Z 0 C) after five minutes of oil/alkali contact. The duNuoy ring measurements were carried out at 21°C. Each alkali was tested at concentrations from 0 to Z.O wt% NaZO in fresh water. 1FT lowering measurements were also made with eight other California or Mid-Continent crude oils at ZloC using alkaline solutions in distilled water with 1.0 wt% added NaCl.
The Berea corefloods were carried out with a positive displacement Ruska pump psed in conjunction with a constant temperature chamber held at 52 0 C. The cylindrical, unfired cores were 61 cm long and 5.1 cm in diameter, cut from a single block of Berea sandstone, with an average pore volume (PV) of Z70 mL. The cores were of medium porosit 1 with a produced water permeability of 0.4-0.6 ~m. The cores were encased in high temperature epoxy resin, with two internal pressure taps mounted through the epoxy on the core surface so as to divide the core into three equal lengths for pressure measurements.
Typically, the core and fluids were brought to 52°C, and the core was saturated with brine by evacuation and subsequent injection with produced water. All fluids were filtered through a 0.8 ~m Millipore filter prior to injectione The brine was then displaced by injection of the Ranger-zone crude at a rate of 3.05 m/day, until no further water was produced. This was followed by injection of produced water at 0.30 m/day to simulate primary and secondary recoveries in a reservoir.
Based on the flooding characteristics of two cores used for extended waterfloods (0.60 m/day injection with 7-8 pore volumes), a 0.41 PV oil saturation was chosen for initiation of tertiary flooding in 'the early runs. However, due to variations in the flooding behavior of the different cores, attainment of this oil saturation was found to be unreliable, and a 20:1 water-to-oil ratio (WOR) was used subsequently to signal the waterflood end point.
After the waterflood, the following injection In two cases, Steps (3) and (4) were also carried out using a frontal advance rate of 0.30 m/day to determine the effect of the enhanced post-flush injection rates on oil recovery.
Incremental samples were collected for Steps (Z) through (4), and the produced fluids were analyzed for oil cut, calcium, magnesium, pH and alkali contents.
RESULTS AND DISCUSSION

Interfacial Tension Measurements
Interfacial tension (1FT) measurements between a crude oil and an alkaline solution have generally been accepted as a screening tool, to evaluate the enhanced oil recovery potential of the crude by the alkali. 6 ,7,2Z 1FT data were collected for the Rangerzone crude with fresh water solutions of NaZC03' NaOH and Na4Si04 at 5Z o C (Figure 1 ). All three alkalis showed very good tension lowering behavior, with 1FT minima of 0.042 mN/m for Na2C03 at pH 10.4, of 0.058 mN/m for NaOH at pH lZ.5 and of 0.OZ3 mN/m for Na4Si04 at pH 11.9. Observation of a tension minimum with the NaZC03 solution and this Ranger-zone crude at pH 10.4 is indicative of the presence of surfactant precursor organic acids with dissociation constants greater than 10-10 in this crude. 5 ,ZZ,Z3 Additional 1FT measurements were carried out with eight California or Mid~Continent crudes in order to ascertain that the low-pH alkali response is not specific to this Ranger-zone crude. The 1FT minima vs pH for the crude oils along with their acid numbers are listed in Table Z . The tests were conducted with sodium carbonate and sodium hydroxide solutions at o -Z.O wt% NaZO in distilled water with 1.0 wt% NaCl at 2l o C. Crudes I, II and VII generally exhibited a modest alkali response with 1FT minimum values ?D.l mN/m for NaZC03 and NaOH at pH ~ll.Z. The crude oils VI and VIII gave slightly lower tension minima (~0.08 mN/m) at a pH range from 10.1 to 11.Z for both alkalis. The remaining crudes III, IV and V showed, in contrast, very good interfacial tension lowering, especially with NaZC03 solutions at pH <11. This limited study thus indicates that crude oils with a good alkali response can undergo substantial tension lowering with alkaline solutions at pH 10 to 11.
Laboratory Corefloods with Wilmington, Ranger-Zone Crude
The coreflood experiments were carried out in Berea sandstone cores to provide a uniform and reproducible medium and to allow comparison of this work with other recent coreflood studies. 5 ,7,lS,2l
Compositional analysis of a representative core sample gave 91.5% Si02, 3.Z% AlZ03, 0.9% KZO, 0.7% Fez03 and 0.4% CaO due to mostly silica and some clay minerals. The silica was identified as a-SiOZ by X-ray diffraction methods, and the Berea sandstone surface area was measured to be approximately Z mZ/g (BET-N Z )'
Large chemical slugs with 1. 0 PV were employed in this work to magnify potential differences in oil recovery attributable to the various chemical systems. The alkaline slug concentrations of 0.5 and 1. 0 wt% Na20 (Table 1) were based on the favorable low tension alkali response exhibited by Na2C03' NaOH and Na4Si04 with the Ranger-zone crude in this concentration range ( Figure 1 ). The pH values observed at 0.5 and 1.0 wt% Na20 for the three alkalis are listed in Table 1 . (Table 3) yielded waterflood recoveries of 54.2 and 49.9%, respectively. Water to oil ratios (WOR) greater than 20: 1 were attained after injection of about 1. 0 to 1.5 PV. The difference in the residual oil saturation (Sor) for these two experiments was small and consistent with the variations in the initial
The results of the alkaline Berea corefloods are given in Tables 4 and 5 . Generally, an increase in alkali concentration gave increased tertiary recovery. For equal NazO concentrations, NaZC03 and Na4Si04 (Runs 3,4,5,9 and 10) yielded similar and higher recoveries than those obtained with the NaOH floods (Runs 7 and 8). All runs in Tables 4 and 5 Two additional sets of corefloods were carried out to explore the ~ffect on ter:iary :ecov:ry o~ mobility control alone/ ,17, l7a and 1n conJunct1on w1th low tension.17a,1~ For the first set, polyacrylamide or xanthan gum was employed in fresh water solutions (Table 6 , Runs 11 and 12). In the second set, 0.5 wt% Na20, Na2C03, NaOH and Na4Si04 solutions, augmented by polymer, were injected (Tables 7 and S, Runs 13 through ZO). In both series, sufficient polymer was added to the injected fluids to achieve a 50 mFa's Brookfield viscosity slug at 52°C, which afforded a favorable mobility ratio with the Wilmington, RangerZOnE, crude (66 mPa's, 5Z 0 C).
The tertiary oil yields obtained with the polymer floods, shown in Table 6 , were lS.O% for the polyacrylamide and 10.5% for xanthan gum systems. Thus, recoveries were very similar to the Na2C03 alkaline flood recoveries (Table 4 ). The dramatic effect of mobility control with low tension was evident in the high tertiary recoveries obtained with the alkaline/ polymer floods. Tertiary recoveries for alkali/ polyacrylamide were 82-95% for NaZC03, S4% for NaOH, and 92% for Na4Si04. In comparison, tertiary recoveries for alkali/xanthan gum were 7S-8l% for Na2C03' 79% for NaOH and, 73% for Na4Si04 (Tables 7 and S, Runs 13-15 and 17-20) . In these studies, the three alkalis at 0.5 wt% Na20 levels appeared to be equally effec- The pH of the fluids produced from the cores was monitored, and the calcium, magnesium, silica and alkali contents were determined. Analysis of the aqueous fluids consistently showed a dramatic decrease in Ca and Mg ion levels, and an increase in silica levels coincident with alkali breakthrough.
This decrease in Ca and Mg concentration from greater
than 400 ppm into the 1-10 ppm range was observed for all three alkaline slugs at 0.5 and 1.0 wt% Na20.
The decrease in hardness ion concentration from the original levels in the produced water is attributed
to dilution by the pre-flush and the chemical slug,
and, more importantly, to precipitation of insoluble Ca and Mg carbonate, hydroxide or silicate salts in the core. These short coref1ood studies thus indicate that the hardness ions are reduced to low levels by Na Z C0 3 , NaOH and Na 4 Si0 4 • 7
The peak silica concentrations observed in the produced fluids from the Na2C03' NaOH and Na4Si04 floods are shown in Table 9 . Soluble silicates can be formed in the alkaline coref1oods from the interaction of base with the Berea sandstone, according to the equilibria described in Equations (1) and (2).10
(1)
OH (2)
The rate of silica dissolution is first order with respect to [OH-] and increases with increasing pH and temperature. 9,10 Consistent with this trend, the Si0 2 levels ( Table 9) found for the Na2C03 flood (pH 11.2 11.3) were low and in the same range as observed for the polymer floods containing no alkali. The NaOH flood (pH 13.2 -13.5) showed much higher Si02 levels which rose, as expected, with increasing NaOH concentrations ( Table 9 ). The Na4Si04 floods (pH 12.8 -13.1) constituted a special case, due to dissolved silicates in the injection fluids. At a 0.5 wt% Na20 concentration, produced SiOZ levels were lower than injected ones, presumably due to Ca and Mg silicate precipitation in the core. However, at a 1.0 wt% Na20 level, the produced silica concentrations surpassed injected levels, which is consistent with strong base behavior.
Alkali loss in the Berea cores due to consumption
and retention of base by the fluids and the sand- Table 10 . The alkali loss data indicate typical low-pH buffer behavior for the Na2C03 floods and strong base action by the NaOH and Na4Si04 systems. Thus, Na2C03 solutions at 0.5 to 1.0 wt% Na20 maintain essentially constant pH and exhibit similar sandstone reactivity and OH-loss with increasing concentration. In contrast, the strong bases, NaOH and Na4Si04' show a large increase in alkali loss with increasing concentration and hydroxyl ion activity.
Alkali breakthrough for the 1.0 PV Na2C03' NaOH and Na4Si04 slugs was measured from plots of pH vs PV produced fluids, at the point where the plot formed a plateau near peak pH. The data in Table 10 show clearly that alkali breakthrough depends on the Na20 concentration, and it occurs earlier with increased alkali concentrations. This is consistent with the chromatographic lag theory proposed for alkaline flooding by deZabala et al. 3 and by Bunge and Radke. lO The results also show similar retention times for the alkalis at equivalent NaZO concentrations, despite the much lower pH of the Na2C03 solutions compared to NaOH and Na4Si04. This finding was not expected; clearly, more work is needed on long term chromatographic behavior of buffer solutions in rock formations. ll ,12
Overall, these studies with alkaline core floods demonstrate potential benefits of Na 2 C0 3 solutions associated with low sandstone reactivity and buffer behavior.
CONCLUSIONS
1.
Low tensions required for EOR by alkaline flooding can be achieved with alkaline solutions at pH <11.
Na2C03, NaOH and Na4Si04 are equally effective in 1FT lowering with Wilmington, Ranger-zone crude oil, and other crudes with good alkali response.
2.
3.
4.
5.
Tertiary oil recovery results for Wilmington,
Ranger-zone crude with Na2C03' NaOH or Na4Si04 solutions indicate that these alkalis are equally effective and high pH conditions are not necessary for EaR by alkaline flooding.
Polymer-augmented Na z C0 3
, NaOH, and Na 4 Si0 4 floods recover significantly more oil ,73 to 95:%") than either low tension alkaline floods or polymer floods (6 to 18%).
Addition of alkali to polymer floods improves injectivity due to efficient oil displacement at the front of the slug.
Sodium carbonate solutions are less corrosive
to sandstone than NaOH or Na4Si04. Na2C03 
